New major and trace elemental data presented here imply a temporal and spatial change in the magmatic evolution and mode of subduction initiation in the Paleo-Kuril arc-trench system, eastern Hokkaido, Japan. Late Cretaceous to early Paleogene igneous rocks from the Nemuro Group (Nokkamappu, Hamanaka, and Kiritappu Formations) in the forearc basin of the Paleo-Kuril arc consist of the tholeiitic, alkaline and calc-alkaline rock series, based on petrographic and major-element (K 2 O, total alkalies [K 2 O + Na 2 O], and SiO 2 contents) data. Immobile-element features on the Zr/TiO 2 vs. Nb/Y diagram indicate that a majority of the alkaline rocks are classified as non-alkaline rock. The low TiO 2 (< 1%), high V/Ti, and low Nb/Yb ratios of the igneous rocks show that the original mantle compositions of alkaline and non-alkaline rocks were highly refractory in nature. The magmas were produced with a 10-20% partial melting of the depleted mantle, which is common in arc-related non-alkaline magma. The high Th/Yb, Ba/La, Rb/La, and Ba/Th ratios and low La/Sm ratios of the alkaline and tholeiitic rocks from the Nokkamappu and Hamanaka Formations strongly reflect the imprint of substantial fluid components from the subducting slab. The enriched K and Rb in the alkaline magma source are indicative of fluid derived from mica breakdown. Cs fractionation in the slab-derived fluids is indicated by variations in Y/Cs and Nb/Cs, and the fluids are controlled by fluid derived from the breakdown of mica such as phengite. Tholeiitic and calc-alkaline rocks from the Kiritappu Formation show less aqueous fluids. Late Cretaceous magmatism, with decompression melting and formation of the forearc basin, resulted from rollback during subducting initiation, which was associated with a rift system created by the upwelling of depleted mantle following the onset of the sinking of the slab into the mantle. Subsequently, the rollback of the subducting slab slowed down and stabilized, and consequently, normal tholeiitic and calc-alkaline magmas were produced in the early Paleogene.
Introduction
The Pre-Cenozoic geologic framework of Hokkaido is divided into five stratigraphic-tectonic major belts, which are, from west to east, the Oshima-Rebun Belt, Sorachi-Yezo Belt, Hidaka Belt, Tokoro Belt, and Nemuro Belt (Kiminami and Kontani, 1983) (Fig. 1A) . The late Cretaceous to early Paleogene Nemuro Group in the Nemuro Belt is distributed from the eastern end of the Nemuro Peninsula to Kushiro City in southeastern Hokkaido (Fig. 1B) . The Nemuro Group is interpreted to represent forearc-basin deposits of the Paleo-Kuril subduction system along the southern margin of the Paleo-Okhotsk Land based on their sedimentary facies, the total thickness of which exceeds 3,000 m (Kiminami, 1983; Kiminami and Kontani, 1983; Naruse, 2003) . Alkaline and non-alkaline rocks in the form of sills, dikes, and lava deposits, (2015, 2016) . Some alkaline rock sills occur as layered differentiated bodies (Yagi, 1969; Ishikawa et al., 1971) . A more detailed magmatic fractionation (whole-rock geochemistry [major elements] and mineral chemistry) was presented by Ozawa (2006, 2011) , focusing on compositional convection and crystal settling or flotation in the sills.
The parent magma is inferred as potash-rich olivine basalt, likely derived from partial melting of phlogopite-peridotite in the upper mantle (Yagi, 1969; Ishikawa et al., 1971) . However, it is still unclear why magmatism occurred beneath the forearc basin, and how the alkaline magma was produced. Furthermore, it is a mystery why there is no Kiminami and Kontani, 1983 ) (A) and distribution of the Nemuro Group (modified after Geological Survey of Hokkaido, 1980: painted in brown) and sampling locations (B). Ewart and Bryan, 1972; Meijer, 1980; Miyake, 1985; Bloomer, 1987 : Lytwyn et al., 1997 Mizoguchi et al., 2009; Yatsuka et al., 2010; Reagan et al., 2010; Imaoka et al., 2011) . To our knowledge, there have been few reports of alkaline igneous activity within forearc basins. Here, we collected samples from the entire area and horizon of the Nemuro Group and report comprehensive whole-rock major and trace element data for the late Cretaceous early Paleogene alkaline and nonalkaline rocks in the Group. We further discuss the tectonic implications of the presence of alkaline rocks within the forearc basin. The results provide insight into the geodynamic setting of the Paleo-Kuril arc--trench system.
Geological background and samples
The Nemuro Group strikes ENE-WSW or NE-SW and dips 10-25°g ently to the south from the eastern end of the Nemuro Peninsula to Kushiro City (Kiminami, 1978) . The deposits of this group are lithologically divided into the Nokkamappu, Otamura, Monshizu, Oborogawa, Hamanaka (Senpohshi in the Kushiro area), Akkeshi (Senpohshi in the Kushiro area), Tokotan, Kiritappu, Shiomi, Konbumori and Furubanya Formations in ascending order (Kiminami, 1978 (Kiminami, , 1983 Okada et al., 1987) . The age of the basal strata of the Nemuro Group (Nokkamappu Formation) is Campanian to Maastrichtian age (Kiminami, 1983; Okada et al., 1987) , and its lower limit is not known. Extrusive rocks (including pillow lava and pyroclastic rock) and intrusive rocks (sills and dikes) lie in the late Cretaceous Nokkamappu and Hamanaka and the early Paleogene Kiritappu Formations (Kiminami, 1978 (Kiminami, , 1983 . A representative example of pillow lavas intercalated between alternating beds of sandstone and siltstone is shown in Fig. 2 . Their modes of occurrence indicate that the pillow lava flows are evidently contemporaneous with sedimentation of the Nemuro Group (Yagi, 1969) .
Igneous rocks from the Nemuro Group consist of basalt, alkaline rocks, and andesite (Mitani et al., 1958; Fujiwara and Mitani, 1959; Hasegawa and Mitani, 1959; Okazaki and Nagahama, 1965; Yagi, 1969; Ishikawa et al., 1971; Takahashi, 1978; Yutani and Hirano, 2015, 2016; Ozawa, 2006, 2011) . The K-Ar ages of alkaline rocks from the horizons of the Hamanaka Formation are 84-88 Ma (Ueda and Aoki, 1968) . The K-Ar ages are old as compared to the biostratigraphic age of the Formation (Lower Maastrichtian: Naruse et al., 2000) . The andesite dikes in the Oboro-yama area penetrate into the Senpohshi Formation (Okazaki and Nagahama, 1965) . The ages of the intrusion are inferred to be horizons of the Kiritappu Formation, based upon the geological description of Okazaki and Nagahama (1965) . The Kiritappu Formation is Danian in age (Kiminami, 1983; Okada et al., 1987) .
The analyzed samples were collected from the three formations; sampling locations are shown in Fig. 1 and Table 1 . Rock names in Table 1 are based on igneous rock textures (porphyritic or holocrystalline rock). The porphyritic rocks are further classified into various rock types based upon the classification of LeMaitre et al. (2002) 2.1. Nokkamappu formation Nokkamappu Formation (Nemuro): The analyzed samples (pyroclastic rock and sill) from the Nokkamappu Formation in the Nemuro area are porphyritic olivine-pyroxene basalts (Fig. 3A) . The most common phenocrysts are of plagioclase followed by clinopyroxene and olivine, in order of abundance. The matrix is intergranular in texture and consists of plagioclase, clinopyroxene, olivine, and opaque oxide minerals. Olivine in both the phenocrysts and matrix are replaced by chlorite. The petrographic features are indicative of the tholeiitic rock series.
Nokkamappu Formation (Kushiro): The analyzed samples (lava) from the Nokkamappu Formation in the Kushiro area are porphyritic shoshonites (Fig. 3B) . The principal phenocrysts are of plagioclase and the next in abundance is clinopyroxene. The matrix is intergranular or pilotaxitic in texture and consists of plagioclase, clinopyroxene, chloritized biotite, and opaque oxide minerals.
Hamanaka formation
Igneous rocks occur as sills and lava deposits, including pillow lavas in the Formation, and consist of basalt, shoshonite, and monzonite.
Basalt (sill): The most common phenocrysts are of plagioclase followed by clinopyroxene and olivine, in order of abundance (Fig. 3C) . The matrix is intergranular in texture and consists of plagioclase, clinopyroxene, olivine and opaque oxide minerals. The olivine in both the phenocrysts and matrix are replaced by chlorite. The petrographic features are indicative of the tholeiitic rock series.
Shoshonite (sill): The most common phenocrysts are of plagioclase followed in order of abundance by clinopyroxene, olivine (or absent) and biotite (or absent) (Fig. 3D) . Olivine phenocrysts are replaced by chlorite. The matrix is intergranular in texture and consists of plagioclase, clinopyroxene, biotite (or absent), and opaque oxide minerals. Biotite in both the phenocrysts and matrix are frequently altered to chlorite.
Shoshonite (pillow lava): The phenocrysts are, in order of, abundance by plagioclase, clinopyroxene and olivine (Fig. 3E) . The matrix is intersertal in texture and consists of plagioclase, clinopyroxene, and opaque oxide minerals. The olivine phenocrysts are replaced by chlorite.
Monzonite (sill): The holocrystalline rock is composed mainly of plagioclase and clinopyroxene with subordinate amounts of alkali feldspar, biotite and opaque oxide minerals (Fig. 3F ).
Kiritappu formation
Kiritappu Formation (Ochiishi): The analyzed sample (pyroclastic rock) from the Kiritappu Formation in the Ochiishi area is porphyritic andesite (Fig. 3G) . Plagioclase phenocrysts lie in a matrix of pilotaxitic texture with plagioclase, clinopyroxene, and opaque oxide minerals.
Kiritappu Formation (Oboro-yama): The analyzed sample (dike) from the Kiritappu Formation in the Oboro-yama area is porphyritic hornblende andesite (Fig. 3H) . The phenocrysts are, in order of abundance, hornblende with a resorption border (or completely resorbed), (Miyashiro, 1974) for samples from the Nemuro Group. TH: tholeiitic, CA: calc-alkaline, N-A: non-alkaline rock.
plagioclase, and partly corroded quartz. The matrix is pilotaxitic in texture and consists of plagioclase, completely resorbed hornblende, and opaque oxide minerals. The petrographic features indicate the calcalkaline rock series.
Analytical procedures and results
Whole-rock major and trace element (V, Cr, Ni, Rb, Sr, Ba, Y, Zr, and Nb) concentrations were determined on fused glass beads using X-ray fluorescence spectrometry (PANalytical MagiX) at the Hokkaido University of Education, following the analytical procedures outlined by Miyamoto and Okamura (2003) . Other trace element concentrations were measured at Activation Laboratories Ltd. (Ontario, Canada) by inductive coupled plasma-mass spectrometry (ICP-MS). The wholerock data are shown in Table 1 3.1. Major element compositions
In the total alkali-silica classification diagram (LeMaitre et al., 2002) , samples of the Nokkamappu Formation (Nemuro), and one sample each from the Hamanaka and Kiritappu (Ochiishi) Formations are plotted in the non-alkaline rock field (basalt and andesite), whereas other samples of the Nokkamappu (Kushiro), Hamanaka and Kiritappu (Oboro-yama) Formations have compositions of alkaline rocks (trachybasalt, basaltic trachyandesite and trachyandesite) (Fig. 4) . A sample of the Kiritappu (Oboro-yama) Formation is classified as subalkaline rock, based on the classification of Irvine and Baragar (1971) . On the K-silica classification diagram (LeMaitre et al., 2002) , samples of the Nokkamappu (Nemuro) and Kiritappu (Ochiishi and Oboro-yama) Formations and one sample of the Hamanaka Formation are encompass medium-K to high-K basalt and andesite, and the other samples of the Nokkamappu (Kushiro) and Hamanaka Formations are plotted in the Fig. 7 . N-MORB normalized incompatible element diagrams for samples from the Nemuro Group, arranged in order of elements becoming increasingly incompatible in the mantle to the left. Normalizing values from Hofmann (1988) . The field for the Izu-Bonin-Mariana forearc basalt and dolerite is from Dai et al. (2013) .
Journal of Geodynamics 122 (2018) [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] shoshonite field (Fig. 5) . A sample from the Kiritappu (Oboro-yama) Formation falls into the calc-alkaline field on the FeO*/MgO vs. SiO 2 discriminant diagram (Miyashiro, 1974) , as shown in Fig. 6 , in contrast to the non-alkaline rocks from the Nokkamappu (Nemuro), Hamanaka, and Kiritappu (Ochiishi) Formations (subscript N-A in Fig. 6 ), and a majority of the alkaline rocks from the Nokkamappu (Kushiro) and Hamanaka Formations, which are plotted in the tholeiitic field.
Trace element compositions
N-MORB-normalized (Hofmann, 1988) incompatible element variation diagrams for samples of the Nemuro Group (Fig. 7) show that they display enrichment in fluid-mobile large ion lithophiles (LILE; in particular, Rb, Ba, K, and Sr) and depletion in high field strength incompatible elements (HFSE: Ti, Nb, Zr, and heavy rare-earth elements) with negative Nb and Ti anomalies, as is typical of convergent margin magmatic suites. The trace element patterns confirm the enriched nature of the igneous rocks from the Nemuro Group, which have higher abundances of incompatible elements (Rb, Ba, Th, U, Nb, K, La, Ce, Pr, Nd, and Sr) than the Izu-Bonin-Mariana forearc basalt and dolerite (Fig. 7) .
Discussion
The best model for the evolution of the Paleo-Kuril arc subduction system can explain the magmatism that occurred concurrently with the formation of the forearc basin. The discussion is concentrated on mantle source modeling, alkaline magma generation, and the geodynamic setting because these factors constrain for the tectono-magmatic evolution in the forearc area.
Original mantle compositions
The mantle source of the alkaline magma of the Nemuro Group has been inferred to have been enriched, such as the phlogopite-peridotite in the upper mantle (Yagi, 1969; Ishikawa et al., 1971) . The composition of the underlying mantle of a subduction zone is known to be modified by the flux of hydrous fluids from the subducting slab. Elements of demonstrated immobility in hydrothermal alteration and metamorphism provide useful lithogeochemical parameters for the (Shervais, 1982; Pearce, 2014) for samples from the Nemuro Group. identifications of precursor volcanic rock types and magmatic affinities (e.g., MacLean and Barrett, 1993; Pearce, 2014) .
Based on immobile trace element classification schemes, most samples from the Nemuro Group are non-alkaline rocks (sub-alkaline basalt, basalt, and andesite) according to the Zr/TiO 2 vs. Nb/Y diagram (Winchester and Floyd, 1977) (Fig. 8) , which is incompatible with their major element compositions (Figs. 4 and 5 ). In the V vs. Ti diagram (Shervais, 1982; Pearce, 2014) (Fig. 9) , a majority of the sample compositions from the Nemuro Group shift from intermediate V/Ti in MORB, forearc basalt (FAB) to island arc tholeiite (IAT) compositions, in contrast to a sample of tholeiitic rock from the Kiritappu Formation (Ochiishi), which is plotted with low V/Ti as containing an oceanic island basalt (OIB) composition. Samples from the Nemuro Group have low TiO 2 content (0.5-1.1 wt. %) and are plotted within the Izu-Bonin-Mariana forearc basalt and dolerite or near the boninitic field in the TiO 2 vs. MgO diagram (Le Bas, 2000; Dai et al., 2013) (Fig. 10) . These geochemical features of immobile trace elements indicate that the original mantle compositions of alkaline and non-alkaline rocks from the Nemuro Group are highly refractory in nature. This conclusion is supported by the chemistry of detrital chromian spinels from the Eocene Urahoro Group in eastern Hokkaido, which unconformably overlies the Nemuro Group (Nanayama et al., 1994) . These spinels are highly chromian Cr# (0.386-0.942), with high Mg# (0.253-0.751) and low TiO 2 content (0-0.38 wt.%), which imply that they originated in the forearc peridotites of the Paleo-Kuril arc-related depleted mantle.
Genesis of alkaline magma
How the alkaline magma is derived from the depleted mantle is the next essential problem. Magmas produced by low degrees of partial melting (less than approximately 10%) of the upper mantle are (Shaw, 1970) . Chemical composition of depleted mantle (Ce = 0.772 ppm and Yb = 0.401 ppm), mineralogical composition of depleted mantle (55% olivine, 25% orthopyroxene, 11% clinopyroxene, and 9% garnet), mineral-melt distribution coefficients, and normalized values are taken from Rollinson (1993) and Salters and Stracke (2004) . (Dupuy et al., 1982) for samples from the Nemuro Group. Compositions of mica are from Klemme et al. (2011) . relatively enriched in incompatible elements such as K, Na, Rb, and Ba. For modeling the partial melting of the common mantle source, rareearth element systematics are useful to process the identification of partial melting and fractional crystallization (Treuil and Varet, 1973; Allègre and Minster, 1978) . The (Ce/Yb) N vs. (Ce) N diagram plots for samples from the Nemuro Group (Fig. 11) clearly enable such process identification. The partial melting curve is calculated using a batch melting model (Shaw, 1970) . The chemical composition of the depleted mantle, mineralogical composition of depleted mantle, mineral-melt distribution coefficients, and normalized values are taken from Rollinson (1993) and Salters and Stracke (2004) . In Fig. 11 , with the exception of calc-alkaline rock from the Kiritappu Formation (Oboroyama), samples from the Nokkamapu Formation (Nemuro and Kushiro), Hamanaka Formation, and the Kiritappu Formation (Ochiishi) reveal 10-20% partial melting of the depleted mantle and continue to show a fractional crystallization trend. This degree of partial melting is large compared with 1.5-11% partial melting for alkaline magma formation (e.g., Zou and Zindler, 1996; Caroff et al., 1997) and falls within 10-28% partial melting for arc-related non-alkaline magma formation (e.g. Gribble et al., 1998; Ulmer, 2001; Tamura et al., 2011) . There is a slight possibility that the alkaline magma of the Nemuro Group could be produced in the low degree of partial melting model. Further insight into the genesis of calc-alkaline magma is left to future work.
As shown in Fig. 7 , it is possible that the alkaline magmatism in the Nemuro Group was triggered by the addition of water-soluble elements such as K, Na, Rb, and Ba in the slab-derived aqueous fluids from the subducting slab. On the Th/Yb vs. Nb/Yb diagram (Pearce, 2008) , samples from the Nemuro Group are plotted with low Nb/Yb ratios in the mantle array (MORB-OIB) and exhibit higher Th/Yb ratios than the array with subsequent fractional crystallization (Fig. 12) . This finding indicates subduction components that were enriched in slab-derived fluids in the magmas and magma sources that were depleted, such as the MORB-type mantle (Pearce et al., 1995; Hawkesworth et al., 1997) . The Nb/Yb ratios of the igneous rocks from the Nemuro Group are high as compared with those of the Izu-Bonin-Mariana forearc basalt and dolerite, which are E-MORB in character (Fig. 12) . The Ba/La vs. Rb/La diagram (Fig. 13) shows the field of MORB as representative of a liquid produced from the normal upper mantle and the field of the calculated concentration of elements in hydrous fluids (Dupuy et al., 1982) . The majority of samples from the Nemuro Group fall between the two fields and can be explained by interaction of these two components-fluids and either a MORB magma or depleted mantle source. Some samples from the Hamanaka Formation lie within the field of the composition of fluids released by the breakdown of hornblende. This process suggests fluids that are more enriched in Ba and Rb compositions such as mica. The Ba/Th vs. La/Sm diagram (Elliott, 2003) is useful in distinguishing two components responsible for much of the compositional variation observed in subduction zone magmas. High Ba/Th ratios indicate fluid involvement, given the contrasting fluid mobility of Ba and Th, whereas the La/Sm ratio is controlled by residual garnet in the slab; high values are ascribed to sediment melt (Elliott, 2003) . Samples from the Nokkamappu and Hamanaka Formations have low La/Sm (2-6) and high Ba/Th (200-800) ratios in Fig. 14 . It is suggested that the high Ba/Th ratios are characteristic of the strong addition of slab-derived fluids, including mica involvement (Klemme et al., 2011; van Hinsberg et al., 2017) . In contrast, samples from the Kiritappu Formation have low Ba/ Th ratios (< 200), which indicate less aqueous fluids. Tamura et al. (2007) ; Kimura et al. (2010) , and Ribeiro et al. (2013) have shown that the cause of elevated K and Rb in basaltic magma from the Izu-Bonin-Mariana Arc is the breakdown of phengite in the downgoing slab. Melzer and Wunder (2000) and Green and Adam (2003) demonstrated that Cs strongly fractionates into coexisting fluids based on experimentally determined partition coefficients for LILE between fluids and phengite at high pressures (2-4 GPa) and low temperatures (600-700°C). Tamura et al. (2007) have proposed a method of Hofmann (1988) and Sun and McDonough (1989) , and phengite compositions are from van Hinsberg et al. (2017) . qualitatively estimating mica involvement based on the Ba/Cs vs. Rb/ Cs diagram. To further discriminate aqueous fluids derived from mica, ratios of fluid-immobile elements (e.g., Nb and Y) to a fluid-mobile element (Cs) may provide good proxies for tracking the role of phengite breakdown in the slab. Thus, the Y/Cs vs. Nb/Cs diagram for samples from the Nemuro Group is shown in Fig. 15 . The variation in Fig. 15 of N-MORB (Y/Cs = 2544-4000, Nb/Cs = 249-333 : Hofmann, 1988; Sun and McDonough, 1989) , primitive mantle (PM) (Y/Cs = 147-198, Nb/ Cs = 23-90: Hofmann, 1988; Sun and McDonough, 1989) As previously indicated, variations in the degree of interaction with the original depleted mantle by hydrous fluids released from the descending slab are consistent with the main geochemical characteristics of alkaline and non-alkaline rocks from the Nemuro Group. The compositions of fluids are controlled by the breakdown of mica such as phengite, which results in the release of K, Rb, and Cs. Thus, high K content in alkaline rocks from the Hamanaka Formation are attributed to fluids derived from the mica breakdown into the magma source, whereas magma sources of tholeiitic and calc-alkaline rocks from the Nemuro Group are characterized by less aqueous fluid involvement.
Geodynamic setting and magmatic evolution
Recently, small-scale alkaline magmatism (OIB type) in a neartrench setting has been discovered in the outer zone of southwestern Japan and the northernmost Ryukyu Islands (Kiminami et al., 2017) . The tectonic implications are similar to those of petit-spots, which are areas with small-scale magmatic activity (< 1 km in diameter) related to the occurrence of tensional fields in the lithosphere caused by plate flexure, with the ascending melt derived from a mantle source susceptible to partial melting (Hirano et al., 2006; Hirano, 2011) . In contrast, large-scale alkaline magmatism (EW > 100 km, NS > 10 km) from the Nemuro Group (Fig. 1) represents arc-related magma Stern and Bloomer (1992) ; Bloomer et al. (1995); Stern (2004) ; Ishizuka et al. (2006 Ishizuka et al. ( , 2014b and Dai et al. (2013) . TH: tholeiitic magma, AK: alkaline magma, CA: calc-alkaline magma. See text for more details.
beneath the forearc basin. These observations cannot be accepted as the rendering of a tectonic model for petit-spots.
The geochemical features of the igneous rocks from the Nemuro Group in the forearc setting of the Paleo-Kuril arc, which indicate depleted sources (Figs. 7-10 and Fig. 12 ) and high concentrations of fluidsoluble elements , are compatible with the model for the evolution of FAB from the Izu-Bonin-Mariana Arc (e.g., Reagan et al., 2010; Ishizuka et al., 2011 Ishizuka et al., , 2014 . The presence of FAB and boninites is a major indicator of a subduction initiation forearc ridge (e.g., Reagan et al., 2010; Ishizuka et al., 2014a) . Subduction initiation occurs in a forearc setting accompanied by initial sinking and ensuing slab rollback of a subducting plate (Stern and Bloomer, 1992; Bloomer et al., 1995; Stern, 2004; Dai et al., 2013) . Slab rollback causes intense mantle diapirism and extension in the upper plate, during which decompression melting of the depleted mantle with fluids from the subducting slab generates the FAB and boninitic magmas (Stern and Bloomer, 1992; Bloomer et al., 1995; Stern, 2004; Dai et al., 2013; Ishizuka et al., 2006 Ishizuka et al., , 2014b . In this tectonic context, a schematic model (not to scale) for the tectonomagmatic evolution associated with the igneous rocks from the Nemuro Group at the forearc of the Paleo-Kuril arc is shown in Fig. 16 . When the Izanagi plate (Seton et al., 2012) began to sink beneath the Okhotsk Plate (Paleo-Okhotsk Land) in the late Cretaceous (Kiminami, 1978 (Kiminami, , 1983 Kiminami and Kontani, 1983; Kimura and Tamaki, 1985; Ueda and Miyashita, 2005) , formation of the tectonic basin of the rift system (commonly recognized as a forearc basin in this study area) occurred because of depleted mantle upwelling and decompression melting of the hydrous mantle (10-20% partial melting) in the extensional setting above the upper plate through the rapid rollback of the subducting slab (Fig. 16A : Campanian to Maastrichtian age). Reviewing the age of the basal strata of the Nemuro Group, it can be presumed that the formation of the tectonic basin began in the Pre-Campanian. The partial melting generated the alkaline and tholeiitic magmas. Variable degrees of hydration derived from the breakdown of mica, such as phengite from the sinking slab are required to explain the compositional variability of the magma types (from tholeiitic to alkaline magma) (Fig. 16A) . With continued subduction, the subducting slab became stabilized because of slow rollback, and slab-derived fluids triggered the generation of normal tholeiitic and calc-alkaline magmas in the early Paleogene (Fig. 16B : Danian age).
Conclusions
The conclusions reached in this study can be summarized as follows: 1) Late Cretaceous to early Paleogene igneous rocks from the Nemuro Group in the forearc basin of the Paleo-Kuril arc consist of tholeiitic, alkaline, and calc-alkaline rock series, based on petrographic and major-element (K 2 O, total alkalies [K 2 O + Na 2 O], and SiO 2 content) data. 2) Immobile-element features on the Zr/TiO 2 vs. Nb/Y diagram indicate that a majority of the alkaline rocks can be classified as nonalkaline rock. 3) The low TiO 2 (< 1%), high V/Ti, and low Nb/Yb ratios of the igneous rocks show that the original mantle compositions of the alkaline and non-alkaline rocks were highly refractory in nature. The magmas were produced with 10-20% partial melting of the depleted mantle, which is common in arc-related non-alkaline magma. 4) High Th/Yb, Ba/La, Rb/La, and Ba/Th ratios and low La/Sm ratios of the igneous rocks from the Nokkamappu and Hamanaka Formations strongly indicate the imprint of substantial fluid components from the subducting slab. K and Rb enrichment in the alkaline magma source is indicative of the fluid-induced breakdown of mica. Cs fractionation in the slab-derived fluids showed Y/Cs and Nb/Cs ratio variations, and the fluids were derived from breakdown of mica such as phengite. Tholeiitic and calc-alkaline rocks from the Kiritappu Formation exhibit less aqueous fluids.
5) Late Cretaceous magmatism associated with decompression melting and formation of the forearc basin resulted from rollback during subducting initiation, which was associated with the rift system caused by upwelling of depleted mantle following the onset of sinking of the slab into the mantle. Subsequently, the rollback of the subducting slab slowed and stabilized; consequently, normal tholeiitic and calc-alkaline magmas were produced in the early Paleogene.
